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The interior structures of small planetary bodies such as asteroids and comets are an
enigma, yet understanding them has immense value. Knowing the internal structure is im-
portant for understanding the formation and evolution of the solar system and also has
implications for in-situ resource exploitation and planetary defense from asteroids. Despite
the immense value, no detailed investigation of the interior properties of an asteroid has yet
been made. Although orbital radar and lander based seismological approaches have been
proposed to make direct interior observations, it has not yet been demonstrated that radar
could transmit through a rocky asteroid, nor that landing multiple seismometers is feasi-
ble or affordable. An elegant alternative to landed seismometers is orbital laser Doppler
vibrometry, which could record seismic shaking of a small body without contact with the
surface. Laser Doppler vibrometers (LDVs) are mature instruments for terrestrial applica-
tions; and could function similarly in a space environment. However, when incident on a
rough surface like an asteroid regolith, an LDV is subject to laser speckle noise which may
be misinterpreted as seismic shaking. I address the challenge of making LDV measurements
on naturally rough surfaces by quantifying the laser speckle noise that an orbital LDV would
encounter during a hypothetical orbital measurement. Specifically, I simulate an LDV mea-
surement of a seismic signal generated by an impact source on the asteroid 101955 Bennu.
I demonstrate that speckle noise can be attenuated by combining multiple signals recorded
by an orbital seismometer equipped with multiple LDV sensors. By mitigating laser speckle,
I demonstrate that an orbital LDV can record seismic signals on a natural asteroid surface,
which would enable an orbital seismometer to achieve the dense global coverage necessary
for high resolution interior imaging.
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Approximately 66 million years ago, a colossal 10-80 km wide asteroid collided with
Earth. The catastrophic Chicxulub impact triggered a mass extinction, which doomed the
dinosaurs (Renne et al., 2013). Although colossal impacts are rare, they possess a significant
hazard to all life on Earth. In 1908, a smaller 50-190 m diameter asteroid collided with
Earth and exploded mid-air over a remote location near the Tunguska river in Siberia. The
air burst from the Tunguska event leveled 2,000 km2 of forest (Jenniskens et al., 2019).
Had it exploded in a more populous region, its devastation would have been much more
catastrophic. Such an event occurred in 2013, when an asteroid exploded over the city of
Chelyabinsk, Russia. Although the asteroid was only about 20 m in diameter, the resulting
air burst caused multiple injuries and extensive damage to over a wide area (Kartashova
et al., 2018). Such events remind us that the threat of asteroid impacts is real, and the
possibility of catastrophic impacts in the future cannot be ignored.
Survey networks and early warning telescopes provide the ability to detect potentially
hazardous asteroids before they collide with Earth (Tonry et al., 2018). Yet, if we did detect
an asteroid on a collision course, what would we do? How would we stop it? Frighteningly,
we do not know yet. Several proposals exist (Cheng et al., 2015, 2012; Kueppers et al., 2015),
but all are preconditioned on one unknown factor of asteroids: their internal strength. How
well do they hold together? Could a ballistic impact or explosive device disrupt an asteroid
significantly enough to prevent it from colliding with Earth? Could a spacecraft designed to
push an asteroid do so while the asteroid stays together in one piece? These questions come
down to understanding the interior properties of asteroids.
Aside from mitigating potential human annihilation, understanding the internal structure
of asteroids and comets is also scientifically important. Determining the internal structure
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of small bodies allows us to infer the formation environment and early evolution of the
solar system (Asphaug, 2009). The interiors can also tell us how planets, like our own,
originally accreted (Asphaug, 2009). With each small body visited, a new and unique world
is discovered (Figure 1.1). It is likely that comet and asteroid interiors are equally diverse.
Comets could perhaps have weakly layered structure, as they periodically outgas during close
passings of the Sun (Massironi et al., 2015). Small asteroids could be little more than fluffy
balls of regolith, or piles of rubble (Asphaug et al., 2002). Larger asteroids like Eros, and
small moons like Phobos, could be fractured monoliths (Asphaug, 2009). It is likely that
each asteroid and comet has a different story to tell, and a method to uncover these stories
with observations from spacecraft is highly desirable.
Figure 1.1: Asteroids and comets of the solar system that have been visited by spacecraft
to date. Montage by Emily Lakdawalla, planetary.org. Data from NASA / Jet Propulsion
Laboratory / Johns Hopkins University Applied Physics Laboratory / University of Maryland
/ JAXA / ESA / OSIRIS team / Russian Academy of Sciences / China National Space
Agency.
2
Complicated theoretical frameworks have been developed to infer the internal structure
of asteroids from surface topography and morphology. For example, the presence of cratering
implies bulk strength, and the lack-thereof implies that impacts could shake loosely bound
material and trigger global resurfacing events (Asphaug, 2008; Richardson et al., 2005). The
most direct observations that are currently available of small body interior structure are
bulk density measurements derived from gravity data. For example, the asteroid 101955
Bennu must be 60% empty space in order to explain its low density as determined from
gravity measurements (Scheeres et al., 2015). Yet, it is not understood how this void space
manifests. Thus, current observations have raised more questions about internal structure
than answers. The majority of internal structure hypotheses remain to be robustly tested
with direct measurements.
How do we directly measure the interior properties of an asteroid or comet? The two
most promising methods are radar sounding and seismology. The partially successful COmet
Nucleus Sounding Experiment by Radiowave Transmission (CONSERT) on ESA’s Rosetta
mission demonstrated that radar waves can travel through comets (Ciarletti et al., 2017).
However, the comet appeared to be homogeneous to radar waves. Radar waves in contrast to
seismic waves are sensitive to electromagnetic properties, which may or may not be correlated
with geologic structure or strength. Additionally, radar waves may penetrate through icy
comet material, but could attenuate quickly in a more rocky body like an asteroid (Grimm
et al., 2015).
Measuring seismic waves that travel through the interior of an asteroid, the topic of this
thesis, is a desirable alternative to radar imaging. In contrast to radar waves, seismic waves
are dependent on the strength properties of the medium with which they travel through.
Additionally, if a spacecraft could take multiple recordings of seismic waves that pass through
the core with different paths, an image of the internal structure could be made like an MRI
scan (Sava and Asphaug, 2019). Unfortunately, recording seismic waves on an asteroid is
challenging. To record seismic data conventionally, a spacecraft would need to land on the
3
surface, couple with the surface, and record precise motion as it moved with the surface. To
achieve global coverage over an asteroid, a mission would need multiple landers scattered over
the surface. Several have proposed mission concepts to accomplish seismic measurements,
but the systems are undesirably complex, and prohibitively expensive (Huebner, 2004; Plescia
et al., 2018; Walker et al., 2006). The technical difficulty of making seismic measurements
provides a large barrier to overcome.
In order to overcome this barrier to measurement, Sava and Asphaug (2019) propose a
paradigm shift for small body interior science: an orbital seismometer. Instead of requiring
a lander to record seismic waves that have propagated through the interior of an asteroid,
the measurement could be taken remotely from orbit. Because the instrument orbits around
the asteroid, it could make measurements at many locations across the surface. This means
that if there was a repeatable seismic source, over time, the instrument could collect global
seismic data allowing for an image of the interior to be created. To achieve a remote sensing
seismometer, the concept employs a laser Doppler vibrometer (LDV). Similar to a police
radar gun, an LDV measures the Doppler shift of reflected light as a function of the target
surface’s motion. Specifically, an LDV shines a laser beam onto a target and records two
things: the velocity of the target in-line with the laser beam, and the reflectivity of surface
based on how much laser light is reflected.
Laser Doppler vibrometers are a well developed instrument. They are frequently used on
Earth for a variety of remote vibration sensing purposes (Rothberg et al., 2017). However,
they are typically operated in a laboratory environment, or on prepared surfaces (e.g. using
retroreflective tape). To be effective on an asteroid in the concept proposed by Sava and As-
phaug (2019), an LDV must be able to operate on an unprepared natural asteroid surface. If
the orbital LDV requires landing laser retroreflectors, then an LDV becomes only marginally
more convenient than landing conventional seismometers. Sava and Asphaug (2019) assume
that an LDV can record accurate measurements on a natural asteroid surface. The primary
goal of my thesis is to test this hypothesis and to design methods that address technical
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challenges associated with LDV use on natural rough surfaces.
Like any good research project, my work began with a routine laboratory experiment
gone wrong. The experiment was simple, take a sample of asteroid simulant (blended rocks
designed to mimic the properties of asteroid regolith to the best of our knowledge), vibrate
the sample, and record its motion with an off-the-shelf LDV. Since an LDV orbiting an
asteroid would have its laser spot slowly translate across the asteroid’s surface, I tested
recording vibrations with an LDV in motion (Figure 1.2). I found that recordings from an
LDV in motion exhibited significant noise (Figure 1.3). I had rediscovered the hard way a
well known challenge for LDV measurements on rough surfaces: speckle noise. Extensive
research by others have found that LDVs are susceptible to laser speckle noise when the laser
spot moves along a rough surface (Rothberg et al., 2004). Speckle noise, as introduced in
Chapter 2.2, is a result of monochromatic light interference from a rough surface. Essentially,
the roughness of natural surfaces distorts the reflected laser wavefront and obscures the signal
of the ground motion. Speckle noise is not a result of defects in an LDV, as no amount of
manufacturing precision can eliminate speckle noise from LDV measurements. Essentially,
speckle noise is itself another signal which must be removed.
Once I had discovered speckle noise, I had to answer two questions: how do I quantify
speckle noise, and how do I eliminate it? Since I endeavored to quantify and remove speckle
noise from an LDV recording seismic data kilometers away from an asteroid surface, I chose
theoretical numerical simulations and computation experiments over lab based testing. Lab-
oratory measurements would be taken at close range, and the measurements would include
other vibrational noise sources in the room. Whereas adopting a computational experimen-
tation framework allowed me to simulate a noiseless orbital environment to isolate the effect
of laser speckle noise.
In my thesis, I endeavor to quantify and remove unwanted speckle noise from simulated
orbital LDV data. To accomplish my goal, I combine three separate fields of study to make
an incremental improvement to the design of an orbital seismometer. First, I studied the
5
Figure 1.2: This thesis analyzes the noise that arises from transverse motion by an LDV
over a rough surface, where the laser beam translates over the vibrating surface. The noise
trace in Figure 1.3 is generated by acquiring data using this acquisition setup.
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Figure 1.3: An LDV records two parameters as a function of time, (top) the intensity of
reflected light off the target surface, and (bottom) the velocity component of the target
in parallel with the LDV’s laser beam. This figure shows a laboratory measurement of a
motionless sample of asteroid regolith simulant while the LDV moves 10 cm/s translationally
relative to the sample (no velocity in the direction of the beam). The LDV should record
zero velocity, but instead records noise caused by the laser spot moving over the sample’s
rough surface. Significant noise is present in both the intensity and velocity signal.
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fundamental physics behind laser Doppler vibrometry. How does one work? How does it
record the velocity of the ground surface? How do rough surfaces affect LDV measurement
accuracy? Such questions are addressed through the field of laser physics, and are addressed
in Chapter 2.2. Once I understood the noise I was trying to remove, I studied the seismic
signal that an orbital LDV would need to record. What would the seismic source be? How
would the seismic source propagate through an asteroid? What would be the ground velocity
signal that an orbital LDV would record? To answer these questions, I used principles from
the field of seismology (Chapter 2.3). Having developed methods to simulate plausible noise
and signal traces, I had one final question: how do I separate the laser speckle noise from
the seismic noise? To accomplish this task, I built upon research in the signal separation
field (Chapter 2.4).
The culmination of my research is a potential data acquisition scenario. A spacecraft
releases an impactor upon the asteroid 101955 Bennu (Figure 1.4), generating a seismic
source. The seismic waves propagate through the asteroid causing the far side to shake. Can
an orbital LDV measure the seismic shaking despite laser speckle noise? My thesis provides
an argument to answer, “yes”.
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SPECKLE NOISE ATTENUATION IN ORBITAL LASER VIBROMETER
SEISMOLOGY
To be submitted to Advances in Space Research
Samuel W. Courville12 and Paul Sava3
The interior structures of small planetary bodies such as asteroids and comets are an
enigma, yet understanding them has immense value. Knowing the internal structure is im-
portant for understanding the formation and evolution of the solar system and also has
implications for in-situ resource exploitation and planetary defense from asteroids. Despite
the immense value, no detailed investigation of the interior properties of an asteroid has yet
been made. Although orbital radar and lander based seismological approaches have been
proposed to make direct interior observations, it has not yet been demonstrated that radar
could transmit through a rocky asteroid, nor that landing multiple seismometers is feasible or
affordable. An elegant alternative to landed seismometers is orbital laser Doppler vibrometry,
which could record seismic shaking of a small body without contact with the surface. Laser
Doppler vibrometers (LDVs) are mature instruments for terrestrial applications; and could
function similarly in a space environment. However, when incident on a rough surface like
an asteroid regolith, an LDV is subject to laser speckle noise which may be misinterpreted
as seismic shaking. We address the challenge of making LDV measurements on naturally
rough surfaces by quantifying the laser speckle noise that an orbital LDV would encounter
during a hypothetical orbital measurement. Specifically, we simulate an LDV measurement
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of a seismic signal generated by an impact source on the asteroid 101955 Bennu. We demon-
strate that speckle noise can be attenuated by combining multiple signals recorded by an
orbital seismometer equipped with multiple LDV sensors. By mitigating laser speckle, we
demonstrate that an orbital LDV can record seismic signals on a natural asteroid surface,
which would enable an orbital seismometer to achieve the dense global coverage necessary
for high resolution interior imaging.
2.1 Introduction
Small planetary bodies such as asteroids and comets are the building blocks of the solar
system. Understanding how they form is key to understanding how the solar system formed
and evolved (Asphaug, 2009; Scheeres et al., 2015). Small planetary bodies are akin to
laboratories where we can test hypotheses of planetary accretion, from the particle scale
upward. Questions about the origin of small bodies and planetary accretion often come
down to understanding their internal structure (Asphaug, 2009; Scheeres et al., 2015). For
example, there are several credible hypotheses for the interior structure of asteroids: rubble
piles composed of gravitationally bounded impact shards, fractured monoliths that have
remained largely intact despite impacts, or compactable fluffy regolith balls (Asphaug, 2009;
Asphaug et al., 2002; Scheeres et al., 2015). Likely, the answer differs by asteroid type,
and implies differing early solar system formation environments. In addition to scientific
pursuits, knowledge of asteroid interior properties could also be useful for in-situ resource
utilixation. Lastly, questions about the interior structure of asteroids are also important for
planetary defense. Knowing their interior structure is required to deflect or disrupt asteroids
on collision courses with Earth (Syal et al., 2016).
Our understanding of asteroid and comet interiors has significantly improved in recent
years largely due to surface observations from recent missions (Scheeres et al., 2015). Over
two dozen asteroids and comets have been visited by spacecraft to date, and another dozen
are expected to be visited by spacecraft in the next decade (Barucci et al., 2011). Among
the recent missions, NASA’s Origins, Spectral Interpretation, Resource Identification, Se-
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curity, Regolith Explorer (OSIRIS-REx) is exploring asteroid 101955 Bennu, which is now
interpreted as a rubble pile through topographic analysis (Barnouin et al., 2019). Data from
JAXA’s Hayabusa2 spacecraft, including analysis from an impactor experiment that dis-
rupted the near surface, suggests that asteroid 162173 Ryugu is also a rubble pile (Watanabe
et al., 2019). ESA’s Rosetta mission to the comet 67P/Churyumov–Gerasimenko revealed
that the comet is likely a weakly layered agglomeration (Massironi et al., 2015). This in-
terpretation is supported by bistatic radar data measurements, the only successful direct
observations of a cometary interior to date (Ciarletti et al., 2017). Despite these impressive
exploration advances, no detailed interior image of an asteroid’s interior structure has been
made to date (Herique et al., 2018; Sava and Asphaug, 2019). Advances in numerical mod-
eling allow for the development of internal structure hypotheses that can explain surface
observations, but these hypotheses can not be tested without direct measurements. The
interior structure of small bodies remains terra incognita (Asphaug, 2009).
Planetary science goals would greatly benefit from methodology to image the interiors
of small planetary bodies. Recognizing the scientific value of making direct measurements
of small body interior properties, various authors have proposed missions with sounding
instruments to peer inside small bodies (Scheeres et al., 2015). Building off of the bistatic
radar experiments conducted by ESA’s Rosetta mission, Asphaug et al. (2014), Sava et al.
(2015), Sava and Asphaug (2018a), and Sava and Asphaug (2018b) have proposed radar
imaging. Although radar waves can propagate several kilometers through icy material, they
rapidly attenuate in solid rock (Grimm et al., 2015). This means that although radar may
be a valid solution for imaging icy comets, it remains to be demonstrated that it is a viable
option for imaging rocky asteroid interiors.
Seismology provides an attractive alternative to radar. Whereas radar is sensitive to
electromagnetic properties, which may not be correlated to geologic structure, seismic waves
are sensitive to properties such as density and compressibility, which are directly related to
the interior structure and strength (Sava and Asphaug, 2019). Richardson et al. (2005) and
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Asphaug (2008) have demonstrated that seismic waves propagating through asteroids, e.g.
generated by impacts, can cause global surface disruption. Using empirical and numerical
models, the observed surface disruption can be related to the bulk interior properties (As-
phaug, 2008). However, this method is still an indirect interpretation of the interior. A
more robust option is to directly observe seismic propagation through asteroids, for example
using landed seismometers on an asteroid (Plescia et al., 2018). Landed seismometers could
record seismic waves that have propagated through the center of an asteroid. However, this
approach is technically challenging because multiple seismometers must land across the sur-
face of the asteroid (Plescia et al., 2018). Additionally, it is unknown whether a seismometer
resting on the surface of an asteroid would be coupled well enough to make useful seismic
measurements (Sava and Asphaug, 2019).
Orbital seismology is a more elegant solution with significant advantages over lander
based seismology. Instead of landing seismometers, Sava and Asphaug (2019) propose to
use laser Doppler vibrometers (LDVs) for non-contact remote sensing of seismic signals. By
shining a laser on a vibrating object and recording the Doppler shift of the light that reflects
back, an LDV can measure the velocity of the object. LDVs are a well developed instrument
and enjoy a wealth of applications on earth including structural health monitoring and
manufacturing component testing (Castellini et al., 1998; Rothberg et al., 2017; Staszewski
et al., 2012). Equipped with LDVs, a spacecraft can achieve global seismological coverage of
a small body without ever landing on the surface. Sava and Asphaug (2019) show that LDV
measurements of seismic signals at multiple locations over an asteroid’s surface can make a
3D image of its interior properties.
Sava and Asphaug (2019) propose that an orbital LDV could make non-contact seismic
measurements of an asteroid, but leave to future analysis to determine how LDVs would
function on natural asteroid surfaces, which is a key aspect of orbital seismology. Without
the ability to operate on rough surfaces, LDVs could not achieve dense measurement coverage
over a small body because coverage would be limited to wherever laser retroreflectors could
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be deployed across its surface. To reap the full benefits of an orbital seismometer, the
instrument must be functional on natural surfaces. Whereas LDV’s can achieve nm/s or
better resolution in low noise settings, they are subject to so-called speckle noise when in
motion relative to a rough target surface (Rothberg et al., 2004). This noise is a result of
constructive and destructive interference of light reflected by surfaces with roughness greater
than the wavelength of the laser (Drabenstedt, 2007). In this paper, we quantify laser speckle
noise and design methods to separate it from seismic signals in order to bolster the orbital
seismology concept proposed by Sava and Asphaug (2019).
Through numerical simulations, we demonstrate that accurate seismic measurements in
the presence of speckle noise are possible from an orbital LDV acting on natural asteroid
surfaces. We first discuss the methodology needed to predict the speckle noise produced by
orbital motion of an LDV over a rough natural surface. Next, we analyze characteristics of
possible seismic signals that an LDV would need to record. There are several potential natu-
ral and artificial seismic sources to consider on a small body. Natural sources might include
tidal forces inducing natural microseismic events, outgassing from a comet generating slight
shaking, or the jolt from an impact (Binzel et al., 2010; Richardson et al., 2005). Artificial
sources could be based on chemical explosives as occasionally used in seismic exploration on
Earth (Aki and Richards, 2002), or artificial impacts (Saiki et al., 2013). In our study, we
focus on artificial sources given our greater ability to predict and control their location and
magnitude. We specifically assume an impact source similar to the Small Carry-on Impactor
(SCI) experiment on JAXA’s Hayabusa2 mission, which demonstrated the plausibility arti-
ficial seismic sources with small spacecraft add-ons (Saiki et al., 2013). Finally, using the
signal and noise estimates, we show that speckle noise can be separated from the seismic
signal through signal diversity combining. Thus, this paper is organized into three major
sections addressing the questions:
1. What is the speckle noise inherent in an orbital measurement? (Section 2.2)
2. What is the seismic signal we expect to record from an impact source? (Section 2.3)
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3. How do we separate the seismic signal from the speckle noise? (Section 2.4)
We demonstrate the separation of speckle noise from seismic signals, using a seismic
data acquisition scenario over the asteroid 101955 Bennu (Figure 2.1). We consider an LDV
orbiting the asteroid at a distance of 2 km above the surface. Given the mass of 101955
Bennu, this yields an orbital velocity of approximately 5 cm/s, which is similar to the orbital
velocity of OSIRIS-REx (Daly et al., 2017). We assume that the laser spot point moves
across the surface at the same speed as the spacecraft orbits. In reality, the spot might move
slower or faster depending on the rotational velocity of the asteroid in relation to the chosen
orbit. Lastly, we assume that a seismic impact source is located on the opposite side of the
asteroid and is generated from an impactor similar to Hayabusa2’s SCI.
2.2 LDV speckle noise simulation
2.2.1 LDV theory
In this section, we briefly review laser Doppler vibrometer (LDV) theory. An LDV
measures the velocity of a target object by shining a laser on the object and recording the
Doppler shift of the reflected laser light caused by the target’s motion. LDVs are mature
instruments, and a full description of how they function can be found in Donges and Noll
(2015). An LDV uses a laser of known wavelength that is split into two beams. One beam
remains in the LDV as a reference, and the other is directed to the target surface where it
is reflected (Figure 2.2). If the target is moving in-line with the beam, the reflected light is
Doppler shifted relative to the incident beam by




where fr and fi are the frequencies of the reflected and incident beams, respectively, v is
the surface velocity component parallel with the incident beam, and λi is the wavelength
of the incident laser beam (Donges and Noll, 2015; Sava and Asphaug, 2019). As shown in
Figure 2.2, the LDV measures the frequency of the reflected beam by recording the light
intensity of the interference between the reference and reflected beam, a method known as
15
Figure 2.1: The seismic data acquisition scenario. We simulate an LDV orbiting with a
velocity of 2.5 cm/s at a distance of 2 km from the surface of 0.5 km wide asteroid 101955
Bennu. The impactor weighs 2 kg and travels at 2 km/s upon impact with the surface.
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optical heterodyning. As derived in Donges and Noll (2015) and Sava and Asphaug (2019),
the light intensity recorded at the LDV’s detector is a function of the surface velocity,











dt+ (φi − φr)
]
, (2.2)
where φi and φr are the starting phases of the incident and reflected beams respectively, and
f0 is a known frequency shift applied to the reference beam through a Bragg cell (Donges and
Noll, 2015). The integral accounts for the accumulated phase shift in the reflected light as
the surface moves with velocity v. As a whole, Equation 2.2 describes a frequency modulated
signal with a carrier frequency f0 and a modulation given by Equation 2.1. To recover the
velocity of the surface, one must demodulate the intensity signal with the known carrier
frequency, f0.
2.2.2 Laser speckle patterns
Equation 2.2 assumes that the target behaves like a mirror, where the light is reflected
specularly and remains spatially coherent over the size of the LDV’s detector. Light is said to
be spatially coherent if each location in the light’s wavefront has the same phase (Thompson
et al., 2017). Any spatial incoherence in the reflected wavefront can reduce the power and
accuracy of the resulting LDV velocity measurement. To behave like a mirror, an object must
have surface roughness that is less than the wavelength of the incident light (Drabenstedt,
2007). In this paper, we quantify the surface roughness as the root mean square (RMS)
deviation from the average surface height. We classify a rough surface as one with roughness
greater than 775 nm, which is the wavelength of the laser considered in this study. After
reflection from such a rough surface, laser light becomes spatially incoherent because the
rough surface acts as an incoherent source (Drabenstedt, 2007). The Van Cittert-Zernike
Theorem states that light from an incoherent source, such as the reflectance from a rough























Figure 2.2: A schematic of a Laser Doppler Vibrometer (LDV). The original laser beam is
split into a measurement and reference beam at the first beam splitter (BS1). The mea-
surement beam is directed at a vibrating target. In-line motion of the target Doppler shifts
the frequency of the reflected beam. Upon return, the reflected beam is redirected by BS2
toward the detector. BS3 combines the reflected and reference beams. Due to the frequency
shift of the reflected beam, the combined beams produce time dependent interference (optical
heterodyning), which contains information about the surface motion (Equation 2.2)
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Figure 2.3: Illustration of how a coherent laser beam is reflected as an incoherent speckle
pattern if the surface is rough. Not to scale; the beam and speckle sizes are exaggerated.
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where r is the distance to the surface, d is the diameter of the detector, and λ is the
wavelength of the laser light (Thompson et al., 2017). This condition is not satisfied under
our acquisition scenario where r = 2 km, λ = 775 nm, and d is similar to typical LDV
aperture sizes of a few centimeters (Dräbenstedt et al., 2012). Thus, if the asteroid’s surface
is rough, the reflected light returning to the detector is no longer spatially coherent. The
spatial incoherence manifests as a laser speckle pattern (Rothberg et al., 2004), pictured in
Figure 2.3. The LDV detector samples a portion of the reflected speckle pattern.
To simulate a speckle pattern, we approximate a rough surface as a collection of Lamber-
tian tiles. Constructive and destructive interference at the detector from ray paths originat-
ing at tiles with different path lengths, as a result of surface roughness, produces a speckle
pattern. The reflected electric field from the jth tile observed at a location (x, y) on a detector
plane located a distance z above the target surface is
Ej(x, y) = Cj(x, y)Ê0e
i(krj(x,y)+2πft+φi), (2.4)
where Ê0 denotes the unit vector polarization of the starting laser beam (we assume linear
polarization), k denotes the laser wavenumber, rj(x, y) is the distance between the j
th surface
tile and the (x, y) location on the detector plane, f is the frequency of light, φi is the initial
phase of the incident beam, and Cj is a scaling factor (Figure 2.4). This model does not
consider multiple scattering, and thus the reflected light retains the same polarization as
the incident beam. In reality, reflected laser light from a scattering surface may become de-
polarized Morgan and Ridgway (2000). For our purpose, this can be effectively approximated
by assigning a random polarization vector to each tile. Since light is a transverse wave and
the LDV is positioned kilometers away from a centimeter scale laser spot, the z component
of the polarization is many orders of magnitude less than the polarization in x or y, and can













accounts for the percent amplitude of light reflected by the jth tile with albedo (αj), the
spherical geometrical spreading, and the power of the incident beam’s Gaussian profile. The
variable w is the 1/e2 beam diameter1, dj is the j
th tile’s distance from the center of the
beam profile, and P0 is the incident beam peak power. Since we are only interested in the
relative phases from each tile, we can ignore the time dependency and assume φi = 0, thus
simplifying Equation 2.4 to,
Ej(x, y) = Cj(x, y)Ê0e
ikrj(x,y). (2.6)
The total electric field at each detector point (x, y) is given by the sum of the electric fields











and the phase by,






where c is the speed of light and ǫ0 is the vacuum permittivity.
Using Equations 2.8 and 2.9, we simulate speckle patterns from surfaces in different
surface roughness regimes. Figure 2.5 illustrates that speckle patterns only develop when
the surface roughness is greater than the light’s wavelength. As mentioned previously, If
the surface has roughness less than the wavelength of light, the surface acts like a mirror.
We also generate speckle patterns from surfaces with similar surface roughness (RMS height
variation), but with different lateral roughness(distance between topographic high points).
Figure 2.6 shows that the size and intensity of the speckles remain similar for surfaces with
different lateral heterogeneity. This observation agrees with Drabenstedt (2007) and Guo
1The 1/e2 radius of a laser beam with a Gaussian profile is the distance from the center of the laser beam
to the point at which the intensity of the beam falls to 1/e2 (≈0.135) of the peak intensity of the beam.
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et al. (2001), who show that, counter-intuitively, speckle pattern statistical properties are
independent of the surface roughness properties, provided the roughness is greater than the





where λi is the laser wavelength, r is the distance to the target surface, and w is the 1/e
2
diameter of the laser beam on the target surface (Drabenstedt, 2007). For our study, we
consider an LDV with a 1/e2 laser beam radius of 2.5 cm on the surface, which is consistent
with existing long range LDVs (Dräbenstedt et al., 2012). In order to isolate the effect of
laser speckle, we assume that there is no noise from background light, electrical components
in the LDV, optical imperfections in the instrument, fluctuations in the LDV output laser
beam, or instability of the spacecraft (jitter).
Do we expect rough surfaces on asteroids and comet surfaces? All current observations
of small bodies say, “yes.” From the first Hayabusa mission, it is known that 25143 Itokawa
is largely composed of grains greater than 1 mm in size, with the spacecraft returning some
grains with diameters on the order of 10s of microns back to Earth (Yoshikawa et al., 2015).
Observations from Hayabusa 2 show a similar story for 162173 Ryugu, where the smallest
grain size appears to be on the order of 1-10 mm (Hamm et al., 2018). The recent arrival
of OSIRIS-REx at asteroid 101955 Bennu has revealed that its surface is even coarser, dom-
inated by pebbles with cm scale roughness (Lauretta et al., 2019). Thermal inertia and
polarimetry studies of larger asteroids, like 4 Vesta, show that smaller grains on the order of
10s of microns could be present (Benner et al., 2015; Delbo et al., 2015). Although it might
be postulated that specular reflections could be present on comets with high ice content, the
dust analyzer on the Rosetta spacecraft measured grains with sizes from 100s of µm to mm
in size, and demonstrated that the comet was more dusty than icy. Thus, we can assume
that all known asteroid and comet surfaces exhibit surface roughness that is greater than
the LDV wavelength. An exception may be the metallic surface of an asteroid like 16 Psyche
(Matter et al., 2013), though this is highly speculative.
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Figure 2.4: Illustration of speckle pattern computation from a rough surface (not to scale).
Each surface tile contributes to the electric field recorded at the detector plane. The detector
plane is 2 km above the rough surface. The red circle indicates the area of the LDV detector.
The black circle with diameter w indicates the 1/e2 Gaussian beam footprint.
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Figure 2.5: Panels (a), (b), and (c) show random rough surfaces with peak relief of 10−7,
10−6, and 10−5 meters, respectively. Panels (d), (e), and (f), display the reflected light
recorded at a detector 2 km away for the corresponding surfaces (a), (b), and (c). The
simulated laser has a Gaussian beam profile with a 1/e2 radius of 2.5 cm, and a wavelength
of 775 nm. When the surface roughness is less than wavelength (a), the surface acts as a
mirror, and the beam profile is simply reflected (d). When the surface roughness is on the
same order of magnitude as the laser wavelength (b), the reflected light has a bright center
and a faint interference speckle pattern around it (e). For roughness much greater than the
wavelength (c), a full speckle interference pattern develops (f).
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Figure 2.6: Illustration of the property that speckle patterns are independent of the lateral
roughness scale. The speckle pattern (d) from a rough surface with grains that are approxi-
mately 0.5 mm across (a) is statistically indistinct from speckle patterns (e) and (f), which
were produced by grains that are 1 mm (b) or 5 mm across (c).
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2.2.3 Speckle induced measurement error
When a stationary LDV points at a rough surface, speckle patterns are not a significant
concern. If the detector happens to record a dark speckle location, the operator can simply
re-aim the LDV until a bright speckle is sampled. However, if the observed speckle pattern
changes with time, it is challenging to ensure a bright speckle would be sampled at all times.
An evolving speckle pattern causes velocity measurement errors and signal dropouts as bright
and dark speckles of the reflected light move over the detector.
Intuitively, the magnitude and frequency of the speckle noise depends on the speed at
which an LDV moves relative to the surface. The faster the LDV spot moves across the
surface, the faster the speckle pattern changes. We can quantify the noise affecting an
orbital LDV based on the expected orbital velocity of a spacecraft relative to an asteroid.
Figure 2.7(b) illustrates a simulated velocity measurement as an LDV moves laterally at 5
cm/s over a motionless surface shown in Figure 2.7(a). Note that the LDV records vertical
velocity even though it should record no motion since the surface is static. The noise is
uncorrelated with the surface profile. The only location where the noise subsides is at the
location where the surface roughness drops below the wavelength of the laser light. This
agrees with the literature that demonstrates speckle patterns to be independent from local
surface properties, provided roughness is present (Drabenstedt, 2007; Guo et al., 2001).
To better understand how speckle noise occurs, Figure 2.8 illustrates three time steps of
an evolving speckle pattern as a laser beam moves at 5 cm/s across a stationary surface. As
the speckle pattern changes, the intensity and the phase recorded by the detector changes.
Figure 2.9 tracks the change in intensity and phase as a function of time as the laser spot
moves across the rough surface. The phase changes most rapidly when the intensity is low.
When the intensity is near zero, it only takes the contribution of one new surface tile to
change the phase. When the intensity is high, many surface tiles are already in phase with
each other, and one new surface tile cannot disrupt this coherence. Since the surface is
stationary in this simulation, the LDV should record a constant zero velocity. However,
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because changing phase from an evolving speckle pattern appears the same as a frequency
change, the LDV interprets it as a Doppler shift, and records an erroneous surface velocity.
The velocity error is largest when the phase changes most rapidly, and the phase changes
most rapidly when the intensity is low. The noise is characterized by smooth oscillations
with occasional large spikes. The magnitude and frequency of the speckle noise becomes
larger the faster the orbital velocity. By visual inspection of Figure 2.9, it is apparent that
intensity is a proxy for the variance of the speckle noise, as also demonstrated theoretically
by Dräbenstedt (2014).

























Figure 2.7: (a) An example of rough topography (map and profile view) with multiple
different scales of roughness. We simulate an LDV velocity measurement from a distance of
2 km as the laser spot moves across the map from left to right at a velocity of 5 cm/sec. The
red circle on the map view indicates the 1/e2 radius of the Gaussian laser spot. The surface
is motionless. (b) Erroneous LDV velocity measurement from surface roughness induced
speckle noise.
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Figure 2.8: Speckle patterns for the case when the laser spot moves across a rough surface
at 5 cm /sec. The red circle indicates the detector size. t1, t2, and t3 correspond to times
when the detector records a dark, medium, and bright portion of the speckle pattern.
Using the acquisition scenario outlined in Figure 2.1, Figure 2.10 shows three realizations
of plausible speckle noise. This noise is inherent in the physics of an LDV operating on a
rough surface. The large noise spikes occur randomly, and it is unlikely for large spikes to
occur at the same time between multiple concurrent measurements.
2.2.4 Speckle noise reduction
We propose two ways to reduce speckle noise: (1) accurate spacecraft control, and (2)
signal processing algorithms. For the first strategy, we suggest that the orbital LDV should
be operated to minimize the motion of the laser spot on the surface. Designing the LDV
so it can target a fixed point during a measurement could reduce speckle noise, albeit not
eliminate it completely. An evolving speckle pattern would still occur because the detector
plane moves relative to individual scattering points on the surface as the spacecraft rotates
to aim the laser spot at the same ground location. Figure 2.11 illustrates that the RMS
speckle noise scales linearly with orbital velocity in either the translational or rotational
cases; however, the slope for rotational case is significantly smaller. For the remainder of our
paper, we assume a worst case scenario, in which the spacecraft makes no attempt to point
at the same surface location.
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Figure 2.9: (a) Illustration of LDV intensity recorded as a function of time, (b) the relative
phase as a function of time, (c) and the erroneous velocity recorded by the LDV due to
the variable phase. The dashed lines correspond to t1, t2, and t3 in the speckle images in
Figure 2.8. The velocity signal has peaks when the phase changes quickly; the phase changes
the quickest when the signal intensity is low.
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Figure 2.10: Each different color curve corresponds to a realization of LDV speckle noise
from an orbital LDV placed at 2 km from the surface and orbiting at 5 cm/s as depicted in
Figure 2.1.
Alternative to physically reducing speckle noise through spacecraft operation, we consider
signal processing algorithms. The seismic signal and the speckle noise can be separated by
taking advantage of the different properties of the signal and noise. The remainder of this
paper outlines how to describe impact-induced seismic signals and how to separate seismic
signals from speckle noise based on their attributes.
2.3 Impact seismic signal simulation
2.3.1 Impact source
To properly consider how to separate speckle noise from seismic signals, we need a model
of the ground motion signal as a function of time. We consider an impact source for two
reasons: 1) natural impacts have occurred on asteroids, and several studies suggest that they
can induce global surface shaking at the asteroid surface (Quillen et al., 2019; Richardson
et al., 2005); and 2) synthetic impacts on an asteroid surfaces have been demonstrated by
past space missions, e.g. Deep Impact and Hayabusa2 (A’Hearn et al., 2005; Saiki et al.,
2013). For the purpose of our study, we use Hayabusa2’s Small Carry-on Impactor (SCI) as
the seismic source model. The SCI had a mass of 2 kg and was accelerated to a velocity of
2 km/s, yielding a nominal 8 MJ of kinetic energy upon impact. Since an impactor like SCI
would be small relative to seismic wavelengths, we approximate it as a point source.
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Figure 2.11: Simulated RMS velocity noise as a function of orbital velocity for an LDV
positioned 2 km from an asteroid surface. The LDV has a 775 nm laser with a 1/e2 spot
radius of 2.5 cm. The speckle noise is larger if the beam translates over the asteroid surface
(red) than in the case where the beam rotates about a fixed point on the surface (blue).
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Following Meschede et al. (2011), we describe an impact point force as,
f(x, t) = f̂ p S(t)δ(x− xs), (2.11)
where p is the momentum of the impacting object, S(t) is the source time function, δ is the
delta function locating the impact at point xs, and f̂ is the direction of the impact relative
to the surface normal. As suggested by Meschede et al. (2011), we assume that the source







τ 2 , (2.12)













where F is the momentum of the impactor, vp and vs are the longitudinal and transverse
wave velocities of the medium, respectively, and ρ is the density of the target surface (Aki
and Richards, 2002).
The time constant, τ , is not well constrained (Meschede et al., 2011). We can estimate
τ based on the seismic efficiency of the impact, k, which is defined as the ratio of kinetic





Laboratory testing indicates that large impacts in weak materials can have a seismic efficiency
as little as k ≈ 10−5 (Moore et al., 1970), whereas smaller well coupled impacts or buried
explosions can have a much higher seismic efficiency of up to k ≈ 10−2 (Gault, 1963; Titley,
1966). More recent studies combining laboratory measurements and numerical simulations
suggest that the seismic efficiency of impacts can be constrained between k ≈ 10−5 and
k ≈ 10−3 (Güldemeister and Wünnemann, 2017; Matsue et al., 2019). We use these values
as a low and high bound for the seismic energy expected from an impactor. By estimating
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the seismic energy in Equation 2.14 from the seismic efficiency and the impactor’s kinetic
energy, we can solve for τ using Equation 2.13, and then use Equation 2.12 to describe the
source pulse.
As previously stated, we assume that the instrument records seismic signals on the oppo-
site side of its target body for two reasons: 1) the instrument would record waves that travel
through the center of the asteroid, and 2) the spacecraft would be safe from any debris from
the impact. If we assume that the asteroid is a homogeneous medium, the vertical surface












where dB is the diameter of 101955 Bennu, and S is the source time function, Equation 2.12
(Aki and Richards, 2002). By taking the derivative of Equation 2.15, we get the velocity of
the surface at the LDV measurement location.
For an impactor analogous to Hayabusa2’s SCI, we find seismic energy concentrated
between 5 and 200 Hz. Significant uncertainty characterizes the seismic efficiency of an
impact in asteroid regolith, so the ranges in the expected frequency and peak ground velocity
(PGV) are large. Figure 2.12 illustrates a synthetic seismogram for an ideal impact source
after propagating 500 m, about the radius of 101955 Bennu, in a homogeneous medium with
vp = 450 m/s. This velocity is consistent with estimated seismic velocities in the near surface
lunar regolith (Heffels et al., 2017; Kovach and Watkins, 1973). For a high seismic efficiency
case of k = 10−3, a peak frequency of 60 Hz would be expected and a PGV of 0.1 mm/s
would be possible. For the low seismic efficiency case of k = 10−5, a peak frequency of 20 Hz
would be expected and a PGV of 5 µm/s would be possible. In general, a smaller seismic
efficiency leads to a lower amplitude and frequency, and a higher seismic efficiency leads to
a higher amplitude frequency. We evaluate the ability to separate speckle noise from seismic
signals based on the worst case seismic efficiency, k = 10−5.
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Figure 2.12: (a) The ground motion signals from an impact seismic source similar to the
Hayabusa2 SCI after propagating 500 m in a 450 m/s velocity homogeneous model. The
examples shown correspond to high efficiency k = 10−3 and low efficiency k = 10−5 impacts.
(b) Illustrates the frequency spectrum of the seismic signals.
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2.3.2 Seismic propagation through 101955 Bennu
Figure 2.13: Rubble pile asteroid velocity model we use to simulate seismic signals.
Figure 2.12 provides an estimate of the peak ground velocity and frequency content due
to an impact source, but does not adequately capture the complexity of true seismic signals.
It is unlikely that a small asteroid like 101955 Bennu behaves as a homogeneous medium.
The best interpretations from the OSIRIS-Rex mission suggest that 101955 Bennu is a rubble
pile (Barnouin et al., 2019), likely dominated by boulders that are on the order of tens of
meters in diameter (Scheeres et al., 2015), which is similar to typical seismic wavelengths. For
scenarios where heterogeneities in the medium are on the same scale as seismic wavelengths,
scattering theory or numerical simulations are necessary to create synthetic seismograms
(Aki and Richards, 2002).
Figure 2.13 illustrates a conceptual rubble pile asteroid velocity model, consisting of
angular blocks that represent impact shards that have gravitationally fallen together, as
described by Asphaug (2008) and Scheeres et al. (2015). We assume that no large void spaces
are present, or that they have been filled with regolith, which acts as a low seismic velocity
medium. The compressional seismic wave velocity of asteroid materials is unknown; however,




Figure 2.14: Wavefield snapshots from an impactor with an efficiency of 10−5 at t = 0.15 s,
t = 0.45 s, t = 0.75 s, and t = 1.05 s after impact, respectively. The blue dot indicates the




Figure 2.15: Wavefield snapshots from an impactor with an efficiency of 10−3 at at t = 0.15
s, t = 0.45 s, t = 0.75 s, and t = 1.05 s after impact respectively. The blue dot indicates the
impact location, and the red dot indicates the LDV recording location.
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Figure 2.16: Comparison of a speckle noise trace from Figure 2.10 with a seismic trace from
an impactor with an efficiency of k = 10−3.
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Figure 2.17: Comparison of a speckle noise trace from Figure 2.10 with a seismic trace from
an impactor with an efficiency of k = 10−5. Unlike the high seismic efficiency impact signal
in Figure 2.16, the lower seismic efficiency impact produces a seismic signal with much lower
amplitude than the speckle noise.
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exhibits a compressional wave velocity of around 300 m/s and gradually increases with depth
(Heffels et al., 2017; Kovach and Watkins, 1973). Per contra, laboratory measurements of
carbonaceous meteorites suggest that intact asteroid fragments could have velocities as fast
as 1-6 km/s (Jones, 2009). However, these measurements were made on centimeter sized
samples with compressional waves in the MHz frequency range and may not be indicative
of the bulk properties of asteroids at the seismic wavelength scale. Thus, for our rubble pile
model, we assume velocities between 300 m/s to 600 m/s, which is consistent with estimated
velocities in the near lunar surface. We simulate compressional wave propagation through
the model using acoustic finite differences to generate a synthetic seismogram at a location
on the opposite side of the asteroid from of the impact source. We also scale the synthetic
seismogram by an exponentially decaying curve to approximate intrinsic attenuation using
a seismic quality factor of Q = 3000, which is consistent with the low intrinsic attenuation
observed in the lunar crust (Nakamura and Koyama, 1982).
Figures 2.14 and 2.15 illustrate wavefield snapshots for a low seismic efficiency k =
10−5 impact, and a high seismic efficiency k = 10−3 impact, respectively. The asteroid’s
heterogeneity leads to significant wavefield scattering within the interior of the body. Since
the asteroid is surrounded by vacuum, the scattered waves cannot escape from the asteroid’s
interior, and continue to ring throughout the asteroid. Figure 2.16 and 2.17 display the
resulting synthetic seismograms from the low and high seismic efficiency impact wavefield
simulations, respectively (c.f. Figures 2.14 and 2.15). The wavefield scattering induced by
the model heterogeneity reduces the PGV at the recording location as compared to the
homogeneous propagation waveforms shown in Figure 2.12. The synthetic seismograms are
consistent with other asteroid impact modeling studies (Richardson et al., 2005), which
predict waveforms dominated by long-ringing coda from scattering.
Figures 2.16 and 2.17 also compare the synthetic seismograms with a speckle noise re-
alization. Figure 2.16 shows that the high efficiency impact seismic signal, as simulated
in Figure 2.15, has both greater magnitude and higher frequency content than the speckle
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noise. This signal would adequately be separated by high-pass filtering. Figure 2.17 illus-
trates that the low efficiency impact signal has a lower magnitude than the speckle noise,
and falls below the amplitude spectrum of the speckle noise at all frequencies. This is a chal-
lenging separation case since the noise has more power than the signal. We seek methods
that attenuate the speckle noise, while boosting the power of the seismic signal. To address
the seismic signal and speckle noise separation problem, we average multiple signals as sug-
gested by Dräbenstedt (2014). To further reduce speckle noise, we exploit the separation of
the seismic signal from speckle noise in the frequency domain.
2.4 Seismic signal separation from speckle noise
2.4.1 Signal diversity
The ratio of seismic signal power to speckle noise power can be increased through signal
diversity combining. Diversity combining involves recording multiple measurements of the
same signal and combining them to reduce the incoherent noise while boosting the coherent
signal. The method relies on the fact that all measurements record independent speckle
noise, but have the same underlying ground velocity signal. A single LDV can record mul-
tiple simultaneous ground velocity measurements by using multiple detectors that exploit
polarization and spatial diversity in the reflected speckle pattern (Dräbenstedt, 2014). Po-
larization diversity refers to the fact that orthogonal polarizations of the speckle pattern are
independent. Thus, an LDV with two co-located detectors that record orthogonal polar-
ization of light could record two simultaneous measurements that have independent speckle
noise. Dräbenstedt (2014) and Rembe et al. (2015) have successfully exploited polarization
diversity in order to combine two signals. In order to combine more than two simultaneous
measurements, we propose exploiting spatial diversity using an LDV with multiple detectors
at separate spatial locations in the reflected speckle field. Figure 2.18 illustrates potential
multiple detector layout options that allow for different portions of the speckle pattern to
be sampled. The speckle noise observed by any two detectors separated in space would
be uncorrelated as long as the detector’s centers are placed more than an average speckle
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diameter apart, as quantified in Equation 2.10 (Rothberg et al., 2004).
2.4.2 Maximal ratio combining
There are different ways to combine signals that contain a common signal, but have
independent noise. Dräbenstedt (2014) and Rembe et al. (2015) demonstrate signal diversity
combining of two LDV signals via Maximal Ratio Combining (MRC). This method takes
a weighted average at each time step of the observations using weights that maximize the
signal to noise ratio (SNR). Mathematically, the ith signal, si, can be expressed as,
si(t) = v(t) + ni(t) (2.16)
where ni(t) is the speckle noise unique for the i
th detector, v(t) is the surface velocity signal,
and t is time. Using the method described by Dräbenstedt (2014) and (Rembe et al., 2015),







The weights w should be chosen such that the variance of the resulting signal is minimized.










where σ2i is the variance of the signal si from the ground velocity signal. The variance of
each signal, σ2i , is unknown; however, Dräbenstedt (2014) shows that the variance of the
speckle noise is inversely proportional to the total light intensity on the ith detector. Thus,
the relative variance, σ2i /σ
2
j , between any two detectors with indices i and j is known. The
relation between the velocity signal’s variance and signal intensity is apparent in Figure 2.9,
where the large speckle noise spikes correlate with low signal intensity.
The weighted average solution in Equation 2.17 can be rewritten in matrix notation
relating the signal from each LDV detector with the true ground velocity signal. Since
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we know that each signal recorded by a different detector has the same underlying ground
velocity signal, we can write,
d = Iv, (2.19)
where v is a column vector of the true ground velocity signal v(t), I is an M -high stack of
N × N identity matrices, and d is a column vector of the signal recorded by each detector
stacked on top of each other,
d = [s1 s2 ... sM ]
T . (2.20)
In this formulation, N is the length of each signal, M is the number of detectors, and the
vectors si represent time series of the velocity signals si(t) recorded by each LDV detector.
In the ideal case with no noise, as represented by Equation 2.19, each recorded signal vector
si is a copy of the true ground motion signal vector, v.
To solve for an approximation of the ground velocity ṽ when given a data vector d
contaminated with speckle noise, we solve a weighted least squares objective function,
ṽ = argminv||W(d− Iv)||
2 (2.21)
where W is the weighting matrix, given by a diagonalization of the weights from Equation
2.18. Explicitly,
W = diag([w11 w12 ... wMN ]), (2.22)
where wij is the weight for the i
th receiver at the jth time index.
Solving Equation 2.21 produces the same result as the weighted average solution in
Equation 2.17. The benefit of the matrix formulation is that we can modify it in order to
take advantage of the signal characteristics. The next section describes how we use this
formulation to impose structure on the recovered signal by exploiting the separation of the
seismic signal and the speckle noise in the frequency domain.
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2.4.3 Signal fitting model
Figure 2.17 suggests that the seismic signal is concentrated in a narrow bandwidth. Thus,
we assume that the true ground velocity signal v can be expressed by a band-limited subspace
model,
v = Sm, (2.23)
where S is the operator matrix that transforms a set of band-limited subspace model coef-
ficients, m, into a time domain signal. In this case, S is a tall matrix, meaning that m has
fewer coefficients than v.
We use Discrete Prolate Spheroidal Sequences (DPSS) to create band-limited subspaces
because the sequences provide an efficient basis for sampled band-limited signals (Davenport
and Wakin, 2012). For a given signal length of N samples and a bandwidth of β Hz, the
first DPSS is the unique length N sequence that has maximum energy concentration within
the band [−β/2, β/2]. The second DPSS is the sequence that is most energy concentrated
in that band while also being orthogonal to the first vector. The third DPSS is the next
most concentrated sequence in the band while being orthogonal to both the first and second
sequences, and so on. Given a sampling frequency of Fs, the first NFsβ − 1 DPSS vectors
have near complete energy concentration within the band [−β/2, β/2]. Any sequences after
the NFsβ − 1 sequence have near zero energy within the band [−β/2, β/2]. Thus, the first
NFsβ−1 DPSS vectors form an ideal basis for a band-limited subspace spanning [−β/2, β/2].
A full derivation of DPSSs can be found in Slepian and Pollak (1961) and Landau and Pollak
(1961), and a more recent summary and application is available in Davenport and Wakin
(2012).
Since we can estimate the bandwidth of the expected seismic signal based on impactor
modeling, we can estimate a center frequency fc and a bandwidth β to construct a DPSS
transform matrix. However, by definition, DPSSs are centered around zero frequency, such
that the sequences provide support for all frequencies in the range −β/2 to β/2. To create
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a band-limited subspace centered around a frequency fc, we modulate all sequences by fc,
as described in Davenport and Wakin (2012),
S = ei2πfctS0, (2.24)
where, S0 is the zero center set of DPSSs that satisfy the given bandwidth β. The result,
S, denotes the operator that transforms coefficients of band-limited DPSS vectors centered
at a frequency fc to a time domain signal. Figure 2.19 illustrates how well the seismic trace
in Figure 2.17 is approximated by different bandwidths. For example, an approximation of
over 20 dB can be achieved with a subspace spanning a bandwidth of 50 Hz centered around
30 Hz.
As previously stated, each LDV detector records the same ground velocity. Thus, each
signal should be related to the same band-limited subspace coefficients. Using this knowledge,
we relate the recorded signals, d, to a set of coefficients, m, in the band-limited subspace
with the operator G,
d = Gm, (2.25)
where G is an M-high stack of S matrices,
G = [S S ... S]T . (2.26)
We solve a modified inverse problem by finding m̃ such that,
m̃ = argminm||W(d−Gm)||
2. (2.27)
Using conventional inverse theory, the weighted least squares solution to Equation 2.27
(Tarantola, 2005) is,
m̃ = (GTWTWG)−1GTWTWd, (2.28)
where the weighting matrix is the same as Equation 2.22. Finally, the time domain seismic
signal is recovered by,
ṽ = Sm̃. (2.29)
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We note that the seismic impulses we consider are not perfectly band-limited. Thus,
a band-limited subspace cannot fully recreate the seismic signal, as demonstrated in Fig-
ure 2.19. In the imaginary scenario where we know the true seismic signal v, we can find
the optimal signal recovery by the projection of v onto the subspace spanned by S. From
Moon and Stirling (2000), this is given by,
ṽopt = S(S
TS)−1(STv). (2.30)
The best SNR achievable using our algorithm is therefore the ratio of the power of v and
(ṽopt − v). Regardless of how many signals are combined, ṽ will never provide a more
accurate solution than ṽopt. Thus, the goal of our algorithm is to converge to ṽopt with as
few detectors as possible.
Figure 2.20 illustrates the efficacy of our signal diversity combining algorithm by remov-
ing the speckle noise from the low efficiency impact seismic trace in Figure 2.17 using a
7-53 Hz subspace approximation. An improvement of 10 dB to the SNR is achieved after
combining two signals, and a further 10 dB is obtained upon combining 14 signals. Fig-
ure 2.21 illustrates the SNR of the recovered signal in dB using our algorithm as a function
of the number of independent signals recorded. The figure also shows the effect of using
different bandwidths for signal separation. As more signals are added, the SNR approaches
the ideal value, which is specific for each band-limited approximation. The more narrow
the band, the lower the ideal approximation SNR, but the faster the convergence to that
SNR. All band-limited cases achieve higher SNRs than the weighted average approach, as
proposed by Dräbenstedt (2014), provided an adequate bandwidth is chosen. Regardless of
what combining method is used, there is diminishing return for each new signal combined.
The combining of an additional signal does not guarantee SNR improvement because some
speckle noise traces may have more large spikes over the time region of interest than others;
however, on average the SNR improves with additional receivers. Figure 2.21 illustrates SNR
improvement curves from the average of 20 simulations. The uncertainty bars highlight the
variability in improvement as a result of variability in the individual speckle noise traces.
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Lastly, we demonstrate the recovery SNR as a function of PGV. The recovery of the
seismic signal largely depends on the ratio in magnitude between the seismic signal and the
speckle noise. To demonstrate how well we can separate the signals, we consider seismic
signals with a range of PGV values. Using the high efficiency signal from Figure 2.16, we
simulate separation from speckle noise with its PGV scaled with a range of values between
10−5 m/s and 10−8 m/s. Figure 2.22 illustrates that as the PGV increases, the recovery
improves. We can push the possible signal recovery down to 10−8 m/s PGV with the inclusion
of 14 detectors and our combining algorithm.
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Figure 2.18: LDV detector arrangements capable of recording multiple signals: (a) represents
1 detector recording 2 signals of orthogonal polarization, (b) 3 detectors recording 6 signals,
and (c) 7 detectors recording 14 signals. Each detector is roughly the same size as the
speckles in order to record independent speckle noise.
2.5 Discussion
Creating a detailed image of the interior of comets and asteroids is of high priority for
the planetary science community (Asphaug, 2009; Binzel et al., 2010; Scheeres et al., 2015).
To accomplish this, missions are routinely proposed using radar or seismic theory to probe
small body interiors (Asphaug et al., 2014; Grimm et al., 2015; Plescia et al., 2018; Sava
et al., 2015). However, radar imaging may only be viable in icy bodies that are nearly trans-
parent to radar waves, and conventional seismic imaging may be prohibitively expensive and
too technologically challenging to implement because multiple landed seismometers would
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Figure 2.19: Signal-to-noise ratio of the approximation of the seismic trace in Figure 2.17 as
a function of DPSS subspace bandwidth. The band is centered at 30 Hz, so a bandwidth of
15 Hz corresponds to a DPSS subspace that spans 15-45 Hz. The seismic signal can be well
approximated using a narrow bandwidth.
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Figure 2.20: Recovered signal after combining multiple data traces that contain the same
seismic signal and similar speckle noise as in Figure 2.17. (a) One LDV signal without any
filtering; (b) combination two signals; (c) combination of six signals; (d) combination of 14
signals. Combining multiple signals significantly reduces speckle noise.
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DPSS fit: 2-58 Hz
DPSS fit: 7-53 Hz
DPSS fit: 12-48 Hz
Figure 2.21: Signal improvement as a function of the number of signals combined. Each
curve indicates the average of 20 simulations, and the uncertainty bars represent the stan-
dard deviation of the simulations. Black illustrates the weighted average approach, yellow
illustrates the case using a narrow band to approximate the signal; magenta illustrates the


























Figure 2.22: Signal recovery as a function of the peak ground velocity of the seismic signal.
The signal used for testing is the same as shown in Figure 2.17, but scaled by different peak
ground velocities ranging from 10−5 to 10−8 m/s. The dots indicate separation with a DPSS
fit within 7 to 53 Hz, and the lines indicate separation with the weighted average approach.
Red represents the SNR from 1 receiver, green the SNR after combining 2 signals, yellow
the SNR after combining 6 signals, and blue, the SNR after combining 14 signals. The black
line indicates the optimal signal approximation using the chosen bandwidth.
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be needed. The seismic imaging instrument concept proposed by Sava and Asphaug (2019)
seeks to alleviate these concerns by employing orbital LDVs as remote sensing seismometers.
An orbital seismometer could obtain global seismic coverage of a small body and ultimately
create a detailed image of its interior by using seismic migration and tomography techniques
Sava and Asphaug (2019). However, global seismic data coverage with an LDV is contingent
on the LDV’s ability to record seismic data anywhere on a rough asteroid surface. Our
results provide support to the concept by demonstrating that we can separate surface rough-
ness induced laser speckle noise from seismic signals recorded by an orbital laser Doppler
vibrometer. By demonstrating that an LDV can theoretically record a seismic signal on
a natural rough small body surface, our work supports the development of low-cost direct
observations of small body interior properties via orbital laser Doppler vibrometry.
Following an orbital acquisition scenario at the asteroid 101955 Bennu (Figure 2.1), we
demonstrate in Figure 2.22 that speckle noise is a minor issue for strong seismic shaking sce-
narios of more than 10−5 m/s PGV, and can be reduced through signal diversity combining
for light seismic shaking scenarios of less than 10−5 m/s PGV. Our work shows that signal
recovery can be achieved for signals with a PGV down to 10−8 m/s by assuming frequency
bandwidth properties of the seismic signal, and combining multiple independent LDV mea-
surements. In general, we demonstrate that the laser speckle noise observed by an LDV laser
incident on a rough surface can be quantified and removed. Our simulation method allows
for the speckle noise to be determined for any orbital acquisition scenario defined by orbital
velocity, distance from surface, and laser properties (c.f. Figure 2.11). We demonstrate that
speckle noise can be combated with accurate spacecraft pointing, as demonstrated in Fig-
ure 2.11, and with the combination of more LDV detectors, as demonstrated in Figure 2.22.
Thus, speckle noise attenuation in orbital vibrometry can be applied to other orbital scenar-
ios provided a suitable balance of seismic source energy, spacecraft pointing, and number of
LDV receivers is achieved.
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2.6 Conclusion
In the broader effort to enable orbital seismology of small planetary bodies such as
asteroids and comets, we demonstrate how to attenuate surface roughness induced laser
speckle noise in laser Doppler vibrometer measurements. Specifically, we demonstrate: (1)
how to quantify laser speckle noise in laser Doppler vibrometer measurements on distant
rough surfaces, (2) how to quantify seismic signals from artificial impacts, and (3) how to
separate seismic signals from speckle noise. We demonstrate these concepts with numerical
simulations of an orbital LDV collecting seismic data transmitted through the asteroid 101955
Bennu from an artificial impact source; however, the methods we show apply for any LDV
data acquisition on a rough surface. We demonstrate that laser speckle noise can be reduced
in two ways, (1) accurate spacecraft pointing, and (2) through signal diversity combining.
Our work shows that, even under worst case conditions, an accurate seismic signal can be
recovered in spite of LDV speckle noise while in orbit over a rough asteroid or comet surface.
This result has broader implications for the future exploration of asteroid and comet
interiors. Sava and Asphaug (2019) demonstrate that orbital laser Doppler vibrometry is
a promising technique to remotely record seismic measurements on an asteroid or comet
in order to create a detailed image of its interior, assuming that an LDV can provide an
accurate measurement of ground motion on an unprepared asteroid or comet surface. This
work provides a fundamental stepping stone toward achieving seismic imaging of small bodies
by demonstrating that we can separate surface roughness induced laser speckle noise from
seismic signals in simulated orbital LDV measurements.
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Laser speckle noise is the dominant noise source when recording vibrations on a rough
surface with a moving laser Doppler vibrometer Rembe et al. (2015). In this thesis, I demon-
strate how to quantify and remove laser speckle noise from LDV measurements of seismic
signals. In order to solve this research problem, I combine three fields of study: laser physics,
seismology, and signal processing. In Chapter 2.2, I use principles of laser physics to describe
the source of laser speckle noise. I use numerical simulations to quantify the noise for an
orbital LDV scenario over the asteroid 101955 Bennu. In Chapter 2.3, I use seismological
principles to describe the seismic signal produced from a small artificial impact. I simulate
an impact scenario that correspond to a feasible scenario with current technology. Having
described the speckle noise and seismic signal we expect for an orbiter around 101955 Bennu,
in Chapter 2.4, I use signal processing techniques to separate the two signals. I demonstrate
that it is possible to reduce speckle noise through signal diversity combining and subspace
fitting. The reduction of speckle noise through these methods would allow an orbital LDV
to record seismic measurements on a natural asteroid surface.
My study of the effect of speckle noise in orbital laser vibrometry significantly advances
our understanding of how to design a functional instrument to record seismic data remotely
over small bodies. My work expands the work of Sava and Asphaug (2019) by demonstrating
an orbital laser vibrometer could function on an unprepared and naturally rough asteroid
surface through the separation of seismic signals from speckle noise. This research the
argument that an orbital laser vibrometer can obtain global seismological coverage of an
asteroid or comet. The ability to record seismic measurements globally over an asteroid
enables 3D seismic imaging, with which one could test asteroid interior structure hypotheses.
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My work also expands upon the research of Dräbenstedt (2014) and Rembe et al. (2015).
I provide a methodology to enhance the separation of speckle noise from object motion
signals by exploiting a-priori knowledge of the signal. I also provide a theoretical demon-
stration of the performance of a multi-detector LDV. Although I have framed my research
in terms of orbital seismology over asteroids, there is potential to apply my methodology
toward conventional terrestrial LDV applications. Potential applications include: vibration
sensing from moving platforms such as drones or vehicles, rotating component testing, or
long distance structural monitoring laser beams affected by atmospheric scattering. All of
these are scenarios where the light returning to the LDV might be deformed by scattering
effects, and would be susceptible to speckle noise.
3.1 Future work
I demonstrate speckle noise reduction for an acquisition scenario at the small asteroid,
101955 Bennu. Can an orbital LDV be scaled to function on a larger body? The velocity of
a spacecraft orbiting an asteroid increases with the mass of the asteroid, so I expect speckle
noise that is higher in magnitude at larger bodies (c.f. Figure 2.11). Also, assuming the
same impact source, the seismic signals would be smaller at a large body due to geometrical
spreading as accounted for in Equation 2.15. However, this thesis demonstrates that speckle
noise can be combated with accurate spacecraft pointing, as demonstrated in Figure 2.11,
and with the combination of more LDV detectors, as demonstrated in Figure 2.22. Ad-
ditionally, to increase the seismic signal strength, a more energetic impact source could be
designed. Thus, I suggest that orbital vibrometry can be applied to larger bodies, provided a
suitable balance of seismic source energy, spacecraft pointing, and number of LDV receivers
is achieved. An exception to this argument is the distance at which an LDV must be from
the surface for a safe orbit. In this thesis, I assume an orbit of 2 km above the surface.
This distance is feasible for a spacecraft at a small asteroid (Daly et al., 2017) and is nearly
within measurement range of some commercially available LDVs (Dräbenstedt et al., 2012;
Lutzmann et al., 2011). If an LDV were to be used at a larger asteroid, it is likely that
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its distance from the surface would need to be greater. To achieve a measurement on a
more distant surface, a more powerful laser with a longer coherence length would be needed
than what is available in current commercially available LDVs. Research into applying more
powerful and temporally coherent lasers in LDVs is needed, and is outside the scope of this
thesis.
In Figure 2.22, I demonstrate that by combining many signals, one can increase the ratio
of seismic signal to speckle noise by nearly 30 dB. However, the performance of my algorithm
varies depending on the specific attributes of the noise and signal. When evaluating speckle
noise reduction, there are three primary factors to consider: the number of independent
signals recorded, the velocity of the laser spot relative to the surface, and how different
the seismic signal is from speckle noise. The more detectors used, the more coherent signal
energy there is relative to the speckle noise. The lower the velocity of the laser spot relative
to the surface, the lower the speckle noise is relative to the signal. The more separated the
signal and noise are, in any domain, the better the signal energy can be separated from
the noise energy. Thus, the smallest signal that can be recorded depends strongly on the
specific acquisition scenario of the spacecraft. In the case of orbital asteroid seismology,
we can consider improving the signal combining performance by designing a source with
more distinct characteristics. A source instrument that vibrates the surface with a specific
known frequency pattern, like a swept chirp, could possibly be more easily separated from
speckle noise. Future studies should consider the design of asteroid seismic sources and
choose specific sources that minimize overlap with speckle noise, if possible.
It is likely that continued development on a signal separation algorithm could increase the
separation performance. I note three ways to potentially improve signal separation. First,
one could take advantage of the correlation present in speckle noise. The noise at each time
step is correlated with neighboring times. Instead of using a simple weighting matrix, which
assumes independence, an estimation of the covariance could be used instead (Tarantola,
2005). Second, the signal separation basis or subspace could be chosen more optimally. In
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my work, I explicitly define the subspace for separation; however, in the future, a general
approach for finding the ideal subspace could be implemented using dictionary learning and
machine learning approaches (Li et al., 2019). My framework also allows for the application
of sparsity promoting solutions such as l1-norm minimization instead of the conventional least
squares approach (Davenport and Wakin, 2012). Thus, instead of imposing a sparse subspace
upon the recorded signal, a future approach could be to find a domain where the signal is
sparse, and then solve for the sparse representation without assuming any specific properties
of the signal like a given bandwidth (Li et al., 2019). Lastly, one could improve recovery by
solving a dual signal fitting model. By identifying a dictionary for the expected signal, and
another dictionary for the expected speckle noise, one could solve for both simultaneously
and yield a potentially better separation without making specific assumptions of the signal
or noise (Li et al., 2019; Zhang et al., 2012).
In my acquisition scenario, I consider a laser with a wavelength of 775 nm. I choose
this wavelength because it is common among commercially available laser systems with high
power and long coherence lengths (aspects necessary for long distance acquisition). However,
I have not made any claim about whether this is the optimal choice. Further research
and development is needed to choose an optimal laser wavelength for orbital seismology.
Additionally, the laser spot size influences speckle noise. In this study, I have chosen a spot
size similar to what is achieved by commercially available systems (Dräbenstedt et al., 2012).
Further research, involving an analysis of laser power, and detector sensitivity are necessary
to determine whether this can be improved.
The asteroid 101955 Bennu has an estimated macro-porosity of over 60%, implying that
there must be locations within 101599 Bennu that are either empty space or very sparsely
filled with regolith (Scheeres et al., 2015). In my thesis, I assume that the void space
corresponds to regions sparsely filled with regolith, such that the seismic waves may still
propagate. If large spaces of vacuum were present within an asteroid, this could possibly
present a challenge for seismic imaging, as seismic waves cannot travel through a vacuum.
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In the future, numerical seismic imaging experiments could be conducted to test seismic
imaging on asteroids with large void spaces.
Sava and Asphaug (2019) outline an approach to achieve full 3D coverage over time, but
do not discuss how to generate a seismic source. In this thesis, I assume an impact source.
If an impulsive impact source were used, then its repeatability will be limited by how many
impactors can be carried within the spacecraft. Thus, alternative source methods may be
desired. Natural sources are a possibility, but more research must be conducted to determine
their magnitude, frequency, and whether they would be useful for imaging if their location
is unknown. A landed vibrational source is also a possibility, and it could generate a wavelet
of a specific nature, like a swept pulse. Whatever the case, when designing a source, or an
acquisition scenario, it is important to consider the speckle noise, and how separated the
speckle noise would be from the expected signal. The more separated they are, the better
an LDV could record seismic data.
NASA actively seeks the development of new and innovative instrument concepts, but the
path to spaceflight for new instruments is long and arduous. The work that I demonstrate in
this thesis is theoretical. Although certain aspects have been tested by Dräbenstedt (2014)
and Redding et al. (2016), a large portion of this work would benefit from laboratory testing.
The next step is to design and test an LDV that implements the methods discussed in this
thesis. Such work would boost the technology readiness level closer to the ultimate goal of
a spaceflight ready instrument. Perhaps future researchers could one day use orbital seismic
data to learn about asteroid and comet interiors, allowing us to understand the early history
of our solar system and save the world from the next deadly asteroid.
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Lange, J. Lasue, A. Levasseur-Regourd, A. Mallet, P. Michel, S. Mottola, N. Murdoch, M.
Mütze, J. Oberst, R. Orosei, D. Plettemeier, S. Rochat, R. RodriguezSuquet, Y. Rogez, P.
Schaffer, C. Snodgrass, J.-C. Souyris, M. Tokarz, S. Ulamec, J.-E. Wahlund, and S. Zine,
2018, Direct observations of asteroid interior and regolith structure: Science measurement
requirements: Advances in Space Research, 62, 2141 – 2162. (Past, Present and Future
of Small Body Science and Exploration).
Huebner, W. F., 2004, Seismological investigation of asteroid and comet interiors: Mitigation
of hazardous comets and asteroids, 234.
Jenniskens, P., O. P. Popova, D. O. Glazachev, E. D. Podobnaya, and A. P. Kartashova,
2019, Tunguska eyewitness accounts, injuries, and casualties: Icarus, 327, 4 – 18.
Jones, S., 2009, Elastic wave velocity, porosity, and pore geometry of ordinary chondrites
and artificially shocked samples: Master’s thesis, University of Calgary Department of
Geosciences.
Kartashova, A., et al., 2018, Study of injuries from the Chelyabinsk airburst event: Planetary
and Space Science, 160, 107 – 114.
62
Kovach, R. L., and J. S. Watkins, 1973, The velocity structure of the lunar crust: The moon,
7, 63–75.
Kueppers, M., I. Carnelli, A. Galvez, K. Mellab, P. Michel, A. Team, et al., 2015, The
asteroid impact mission (AIM): Presented at the Proceedings of the European Planetary
Science Congress, Nantes, France.
Landau, H. J., and H. O. Pollak, 1961, Prolate spheroidal wave functions, Fourier analysis
and uncertainty – ii: Bell System Technical Journal, 40, 65–84.
Lauretta, D. S., et al., 2019, The unexpected surface of asteroid (101955) Bennu: Nature,
568, 55–60.
Li, C., Y. Zhang, and C. C. Mosher, 2019, A hybrid learning-based framework for seismic
denoising: The Leading Edge, 38, 542–549.
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